Abstract-The main purpose of this paper is studying both the regenerative decode-and-forward (DF) and nonregenerative amplify-and-forward (AF) schemes for mobile wireless relay network under channel uncertainty. A wireless system consisting of one-source-one-destination mobile pair and multihop mobile relay nodes is under investigation. The scenario being studied is appropriate for low power or widely spread network of mobile nodes, such as vehiculars, where transmitted signal can reach its first tier nodes only and degrades before reaching its second tier neighbors. Therefore, unlike previous work in the literature, this paper studies a system where no direct link exists between any node and its second tier neighbors. New proposed detection schemes, utilizing the maximum ratio combiner (MRC) principle, are proposed and designed for such a network with uncertain mobile channels. It is applied at both relays and the destination to optimally detect the received signals. Using the new proposed detection scheme, Monte-Carlo simulations are employed, and bit error rate (BER) simulation results are presented to evaluate the system performance under study. Performance comparisons for only source-relay links and for only relay-destination links under channel uncertainties were incorporated as well.
I. INTRODUCTION
Different functionalities for relays were proposed in wireless networks. Depending on relay roles in [1] - [13] , relays can be classified into; 1) regenerative decode-andforward (DF) and its variants; 2) nonregenerative amplifyand-forward (AF) and its variants; and 3) compress-andforward. Using the nonregenerative AF relay method that is applied in this current paper, each relay transmits an amplified copy of its received signal from its preceding node. This tactic doesn't involve any decoding or signal processing; relays can only buffer its received signal in first stage and transmit it in the second stage. Stages of transmission are presented in more detail later in the paper. On the other hand, the regenerative DF relay strategy, which is applied in this current paper, involves complete decoding of received signal at relays in the first stage and reencoding before retransmission in the second stage.
Channel uncertainties for both cooperative and noncooperative AF and DF wireless relay networks were studied in [8] , [14] - [16] . Different system setups were examined such as single-input-single-output, single-inputmultiple output, and multiple-input-multiple-output. The influence of channel uncertainty was studied using the minimum mean square error criterion between the original transmitted message from the source and the message component of the received signal at the destination.
In [11] , the authors analyzed a regenerative multi-hop DF wireless relay network without the source-destination direct link. However, there is no literature on the regenerative DF and nonregenerative AF for wireless relay networks without the source-destination direct link under channel uncertainty.
In [17] , moment generation functions, bit error probability (BEP) and outage probabilities were derived for both single-branch and multi-branch multihop DF cooperative systems in Rayleigh fading channels. Diversity in multihop AF and DF noncooperative systems was studied in [18] . Authors suggested each relay uses all signals from preceding nodes in the chain to achieve diversity before transmission. They proposed upper bounds for BEP and outage probability. In [19] , dual-hop AF nonregenerative relays systems with fixed gains were investigated in terms of outage probability and average BEP. Work was done when relays have random fixed gains in Rayleigh fading environments. Authors derived closed form expressions for the average probability error rate and the outage probability. The authors in [20] proposed closed form expressions for outage probability and BEP for singlebranch multihop and multihop multibranch for AF noncooperative wireless network with fixed gains at relays. It was shown that if the average signal-to-noise ratio (SNR) in individual links is above specific thresholds, multihop system can outperform a single hop system. And, diversity gain can be achieved in multi-branch and multi-branch multihop systems.
DF for multihop multibranch noncooperative networks was studied in [11] . Authors presented a new coherent MRC based detector at destination and proposed a lower bound for BEP. It was claimed that by using the new MRC detector at destination, similar performance can be obtained to a system employing Maximum likelihood detector. Authors considered that if a message sent from the source and arrives at the destination through different source-relay-destination paths, it can be called cooperation. In contrast to literature, they misused the cooperative definition in their paper. Performance of noncooperative multihop DF systems was investigated in [21] . Authors studied S NR and number of hops impact on outage probability of a system. They claimed that lowering SNR while increasing the number of hops results in a lower outage probability. Authors proposed closed form expressions for probability of bit error for minimum phase shift keying modulation. Again, authors misused the cooperation definition in their paper. In [22] , the authors investigated multihop DF relaying systems with Rayleigh fading channels. BEP performance was studied for M-ary quadrate amplitude modulation. They derived a compact form of the PDF for the end-to-end SNR and probability of bit error. Authors in [21] , [22] observed that the higher the number of hops the better the resulted BEP performance. It is worth to state that this true only when the destination receives copies from all relays hops. The observed BEP improvement was due to diversity gains, and clearly shown in their results. This diversity gain is fixed and depends on number of received signal copies at destination.
Multi-hop relay networks can be classified as channel assisted amplify-and-forward (CA-AF) relays, and fixed gain amplify-and-forward (FG-AF) relays [19] , [23] . Similar work to [22] was done in [23] , where authors derived BEP for multihop system with Nakagami-m fading channels. Work was done for blind-AF and semi-blind-AF for multi-hop FG-AF relay networks. In the blind-AF, relay uses a fixed gain whereas the semi-blind-AF uses a gain based on the average SNR of the previous hop.
Multi-hop orthogonal frequency division multiplexing relaying systems employing either DF or AF protocols was studied in [24] , [25] . An adaptive power allocation algorithm under joint transmits power constraint at source and relays were proposed to increase system capacity and minimize outage probability. Their new algorithms have low complexity and achieve similar performance to other existing ones.
Mainly, there are two available approaches to simulate a statistical mobile-to-mobile small scale fading channel. In [26] , authors proposed a channel model and called it "double-ring". It is based on two rings of uniformly distributed scatters, one around the source and the second around the destination. In mobile ad-hoc wireless network or in a vehicular-to-vehicular communication scenario, the source, relay, and destination are constantly moving. Therefore, it is more realistic to represent the mobile channel by two independent set of scatters; one set around the source, and the other around the destination. In particular, the cascaded Rayleigh channel model represents the second approach for mobile-to-mobile scenario. Although the cascaded Rayleigh concept for this approach was initially suggested in [27] , the cascaded Rayleigh model that meet the desired statistical properties was formally proposed in [28] . Small scale measurements were reported in [29] , [30] and recommended a cascaded Rayleigh channel to model mobile-to-mobile communication scenarios.
In this current paper, all nodes transmit every other time slot while listen in between. In the first time slot, the source transmits its message while its first hop neighbor relay listens to the medium. During this time slot, the first hob relay receives the signal and stores it for the next time slot in case of AF. Or, decode the received signal using the new proposed MRC detector, reencode then store in the DF case. During the second time slot, the relay transmits its stored message, while the source and the second hop relay listen. In the third time slot, both the source and the second hop relay transmit while the first hop relay listens. While, the source transmits a new message, the second hob relay transmits its stored message from the previous time slot.
One technique to guarantee no interference or collision at relays and destination during reception, is by assuming that all nodes are far from each other or relays operate at low power. In this case, signal transmitted from the source degrades before it reaches relays in the second and higher tiers. Similarly, the transmitted signal from first relay fades before it reaches relays in the second or higher tiers. A vehicular-vehicular communication in a highway scenario is a good example.
The scenario repeats itself until the last relay hop in the network. Since, each relay listen in one time slot and transmits in the next one; this assure fixed and minimum total delay in delivering the original transmitted message from the source to the destination. The total delay will eventually depend only on the number of hops in a network. Finally, using new proposed MRC based detectors at the destination, messages are optimally detected.
In summary, similarly to work that was done for AF systems in [8] , [15] , [16] ; this current paper studies the regenerative DF and nonregenerative AF wireless relay scheme under channel uncertainty in a multihop mobile scenario. As was done in [15] , [16] , the regenerative DF and nonregenerative AF multi-hop mobile relay network without the source-destination direct link under channel uncertainty is a main focus in this current paper. Motivated by the existing maximum ratio combiner MRC detection scheme in [11] - [13] , new MRC based detection schemes are proposed and applied, at relays and the destination. To the authors' knowledge, The work in this paper is novel and no literature was found to compare with this particular system setup.
Notation: The complex conjugate of any scalar is denoted by * . Notation | | denotes the absolute value of any scalar . A arg min | ⋅ | denotes the value of at which is | ⋅ | is minimized. The cardinality of the -ary constellation is denoted by |A | = . The product of a
II. SYSTEM MODEL AND DETECTION STRATEGIES

A. AF Scheme under No Channel Uncertainty
Figure 1(a) shows an AF wireless mobile network under no channel uncertainty with a one-source-onedestination mobile node pair and -multihop mobile relay nodes.
Let perfect channel complex coefficients ℎ and ℎ denote Rayleigh fading channels with zero-mean and unit variance, respectively. However, the perfect channel complex coefficient product ℎ ℎ is cascaded Rayleigh fading channels. In order words, products ℎ 1 ℎ 1 and ℎ ℎ are, respectively, mobile-to-mobile channels from source node to the first relay node and from ( −1)-th relay node to destination node, while ℎ ℎ , = 2, ⋅ ⋅ ⋅ , − 1, denotes mobile-to-mobile channel from the ( − 1)-th relay node to -th relay node.
As shown in Fig. 1(a) , there are stages for data transmission. In stage 1, a source node transmits a signal to the first relay node during the first time slot, where R 0 in Fig. 1(a) is a source node. Then, in stage 2, the first relay node forward its received signal from the source node to the second relay node during the second time slot. This procedure will be consecutively repeated until the last relay node forwards its received signal from the ( − 1)-th relay node to the destination node in stage , where the relay node in Fig. 1(a) represents from R 1 to R −1 , and the destination node in Fig. 1(a) is R , respectively.
Therefore, the received complex signal 1− ∈ C
1×1
at the first relay node under no channel uncertainty is written as
where 1 ∈ C 1×1 is a zero-mean complex additive white Gaussian noise (CAWGN) random variable with variance . The subscript means the case of the AF wireless mobile network. Then, the received complex signal 2− ∈ C 1×1 at the second relay node under no channel uncertainty is written as
where 2 ∈ C 1×1 is a zero-mean CAWGN random variable with variance 2 2 and 1 is the amplification coefficient at the first relay node. Then, the received complex signal − ∈ C 1×1 at the -th relay node under no channel uncertainty is written as
where
is also a zero-mean CAWGN random variable with variance 2 and −1 is the amplification coefficient at the ( − 1)-th relay node. Finally, the received complex signal − ∈ C 1×1 at the destination node under no channel uncertainty during the time slots can be written as
where is also a zero-mean CAWGN random variable with variance 2 and −1 is the amplification coefficient at the ( − 1)-th relay node. Consequently, the originally transmitted message from the source node is detected at the destination node under no channel uncertainty using the MRC detection aŝ
when ≥ 2, and =
i.e., = 1 .
B. AF Scheme under Channel Uncertainty
Figure 1(b) illustrates an AF wireless mobile network under channel uncertainty with a one-source-onedestination mobile node pair and -multihop mobile relay nodes. In reality, due to channel estimation errors, as shown in Fig. 1(b) , the imperfect channel complex coefficienth should be applied as
where ℎ ≜ ℎ ℎ and is the channel estimation error consisting of complex independent identically distributed (i.i.d.) cascaded Rayleigh fading channel with zero-mean and variance 2 . The estimated channel errors are employed in all links, respectively. Therefore, using (8) , the received complex signalˆ1 − at the first relay node under channel uncertainty,ˆ− at the -th relay node under channel uncertainty, andˆ− at the destination node under channel uncertainty are, respectively, written aŝ
and − = −1h
where 1 , ⋅ ⋅ ⋅ , are zero-mean CAWGN random variables with variance , − , and − is the case of the AF wireless mobile network under channel uncertainty.
Consequently, the originally transmitted message from the source node is detected at the destination node using the MRC detection aŝ
Here, † is defined as † =
when ≥ 2, and = can be obtained. In particular, depending on the number of hop of mobile relay node, many combined special cases for the multihop AF wireless mobile network under channel uncertainty corresponding to different locations of channel estimation errors can be obtained. In other words, both channel estimation errorsh 1 andh can be obtained. However, in this current paper, for simplicity and convenience, channel estimation error added to only one link between two nodes in entire network will be considered. Therefore, for only channel estimation error ℎ 1 when 2 = 0 and 2 = 0, the MRC detection at the destination node can be written aŝ
In addition, the MRC detection at the destination node for only channel estimation errorh when
due to the channel uncertainty of the -th link, |h | should be used instead of |ℎ | 2 if = . Here, † and are, respectively, defined when ≥ 3 and 2 ≤ ≤ − 1,
and Finally, the MRC detection at the destination node for only channel estimation errorh , when 
Here, when ≥ 2, † is defined as † = The superscript 1, 2, and 3 inˆ− andˆ− stands for the case of channel uncertainty for only channel estimation errorh 1 , only channel estimation errorh , and only channel estimation errorh , respectively.
C. DF Scheme under No Channel Uncertainty
A DF wireless mobile network under no channel uncertainty with one-source-one-destination mobile node pair and -multihop mobile relay nodes is described in Fig.  1(c) . A source node transmits a signal to the first relay node during the first time slot, where R 0 in Fig. 1(c) is the source node. Then, the first relay node decodes and reencodes its received signal from the source node. After that, it forwards its reencoded data to the second relay during the second time slot. This procedure will be repeated until the last relay, where the relay nodes and destination node in Fig. 1(c) are represented by R 1 to R −1 , and R , respectively.
Using the mobile-to-mobile channel, the received complex signal 1− ∈ C 1×1 at the first relay node under no channel uncertainty is written as
where the subscript is the case of the DF wireless mobile network. Therefore, the original transmitted message from the source node is optimally detected at the first relay node under no channel uncertainty using the MRC detection aŝ
Then, the detected messageˆ1 − at the first relay node is reencoded and consequently transmitted during the second time slot with the same average power in [1] . Thus, the received complex signal − ∈ C 1×1 at the -th relay node under no channel uncertainty is written as
After that, the original transmitted message from the source node is optimally detected at the -th relay node under no channel uncertainty using the MRC detection aŝ
In (29), is a power scaling constraint coefficient per hop. Namely, the power scaling coefficient is constrained as 0 < ≤ 1 to adjust the power at the relay node and accomplish a better system performance at the destination node.
Similarly, the detected messageˆ− at the -th relay node is reencoded and transmitted during the + 1 time slots with the same average power . Finally, during the -th time slot, the corresponding received complex signal − ∈ C 1×1 at the destination node under no channel uncertainty can be written as
Thus, the originally transmitted message from the source node is detected at the destination node using the MRC detection aŝ
) .
(32) Like , is a power scaling constraint coefficient at the destination node. In other words, the power scaling coefficient is constrained as 0 < ≤ 1 to improve a system performance at the destination node.
D. DF Scheme under Channel Uncertainty
In practice, due to channel estimation errors, the estimates of the imperfect channel complex coefficienth 1 , ℎ , andh instead of ℎ 1 ≜ ℎ 1 ℎ 1 , ℎ ≜ ℎ ℎ , and ℎ ≜ ℎ ℎ should be, respectively, applied as
where each channel estimation error 1 , , and are complex i.i.d. cascaded Rayleigh fading channels. In addition, 1 , ⋅ ⋅ ⋅ , are zero-mean CAWGN random variables with variance
2 . Therefore, the received complex signalˆ1 − at the first relay node under channel uncertainty,ˆ− at the -th relay node under channel uncertainty, andˆ− at the destination node under channel uncertainty are, respectively, written asˆ1
where the superscript ℎ (ˆ) in 1− , − , and − is the case of the DF wireless mobile network under channel uncertainty. Accordingly, the original transmitted message from the source node is optimally detected at the first relay node under channel uncertainty, at the -th relay node under channel uncertainty, and at the destination node under channel uncertainty using the MRC detection, respectively, aŝ
andˆ−
And, , , , and are, respectively, power scaling constraint coefficients at the relay and the destination nodes to enhance a system performance at the destination node. They are constrained as { , , , } ∈ [0, 1).
From (33) to (38), as in the case of the multihop AF wireless mobile network under channel uncertainty, the MRC detection of many special cases for the multihop DF wireless mobile network under channel uncertainty corresponding to only channel estimation errorh 1 , i.e., 2 = 0 and 2 = 0, only channel estimation errorh , i.e., = 0, the MRC detection at the first relay node, each relay node, and the destination node can be, respectively, written aŝ
In addition, for only channel estimation errorh when = 0, the MRC detection at the first relay node, each relay node, and the destination node can be, respectively, written aŝ
Finally, for only channel estimation errorh , when = 0, the MRC detection at the first relay node, each relay node, and the destination node can be, respectively, written aŝ
(58)
where the superscript 1, 2, and 3 inˆ1 − ,ˆ− ,ˆ− ,
1−
,ˆ− , andˆ− stands for the case of channel uncertainty for only channel estimation errorh 1 , only channel estimation errorh , and only channel estimation errorh , respectively. Additionally, , , , , , and are power scaling constraint coefficients at the relay and the destination nodes to improve a system performance at the destination node, respectively. They are constrained as { , , , , , } ∈ [0, 1).
III. SIMULATION RESULTS
To evaluate the BER performance of the distributed AF and DE wireless mobile system under channel uncertainty, Monte-Carlo simulations were performed. All simulations were applied for mobile and fixed one-sourceone-destination pair with 2, 3 relay nodes. All nodes are assumed to have only one antenna and the same noise power. The originally transmitted message from the source node was modulated using four-ary quadrature amplitude modulation with unit power. All perfect complex channel coefficients were generated using cascaded Rayleigh fading channels with zero-mean and unit variance.
2.5%, 5%, and 10%, of channel uncertainty are generated as cascaded Rayleigh fading channels with zero-mean and unit variance. In other words, the channel estimation error powers were chosen to satisfy 10 log 10 ( 2 presents BER performance of an AF wireless mobile network under no channel uncertainty and channel uncertainty for only one link (source-relay) using imperfect complex channels (h 1 , ℎ , ℎ ) between source, 2 or 3 relays and destination. Both fixed and mobile cases are shown. For wireless mobile network, it is observed that increasing the number of the relay node results in a worse BER performance. Wireless network with mobile nodes shows worse BER performance compared to wireless network with fixed ones. It is also observed that increasing the power of imperfect channel complex coefficients degrades the BER performance. BER performance of AF wireless mobile networks under channel uncertainty for only source-relay, only relay-relay, or only relaydestination link using imperfect channels
) with 2 relays. Figure 3 shows BER performance of AF and DF wireless mobile networks under both no channel uncertainty and channel uncertainty in all links with 2 relays. As shown in Fig. 3 , due to imperfect channel complex coefficients in all links, the worst BER performance is observed compared to other AF and DF special cases. It is also found that DF performs better than AF in a mobile scenario because the noise in an AF mobile scenario builds up with each data transmission. Figure 4 and 7 show BER performance of AF and DF wireless mobile network under channel uncertainty for only source-relay, only relay-relay, and only relaydestination link with 2 relays, respectively. As in the case of Fig. 3 , it is observed that BER gets worse as the variances of imperfect channel complex coefficients increases. It is also observed that BER performance of both AF and DF channel uncertainty case in only one link is almost the same regardless of the link locations. Figure 5 and 8 provide BER performance of AF and DF wireless mobile networks under channel uncertainty for only one link (source-relay), and two links (source-relay and relay-destination) with 2 relays, respectively. It is also observed in Fig. 5 and 8 that BER for channel uncertainty in two links gets worse as the variances of imperfect channel complex coefficients increase. In addition, it is found that BER performance under channel uncertainty for only one link becomes better compared to the case of imperfect channel complex coefficients of two links. Fig. 5 . BER performance of AF wireless mobile networks under channel uncertainty for only one link i.e., source-relay, and two links, i.e., source-relay and relay-destination, using imperfect channels (h 1 , ℎ , ℎ ) and (h 1 , ℎ ,h ) with 2 relays. Fig. 6 . BER performance of DF wireless network under channel uncertainty for only one link, i.e., source-relay, using imperfect channels (h 1 , ℎ , ℎ ) with mobile and fixed communication nodes for 2 and 3 relays. Figure 6 presents BER performance of DF wireless network under channel uncertainty for only one link (source-relay) using imperfect channels (h 1 , ℎ , ℎ ) with 2 and 3 relays. For wireless mobile network, it is observed that increasing the number of the relay node results in a worse BER performance. Similar to the case of AF wireless mobile network, the fixed case in DF performs better than mobile case. Fig. 7 .
BER performance of DF wireless mobile network under channel uncertainty for only source-relay, only relay-relay, or only relaydestination link using imperfect channels (h 1 , ℎ , ℎ ), (ℎ 1 ,h , ℎ ), or (ℎ 1 , ℎ ,h ) with 2 relays. Fig. 8 . BER performance of DF wireless mobile network under channel uncertainty for only one link i.e., source-relay, and two links, i.e., sourcerelay and relay-destination, using imperfect channels (h 1 , ℎ , ℎ ) and (h 1 , ℎ ,h ) with 2 relays.
IV. CONCLUSION
This paper studied both nonregenerative AF and regenerative DF wireless mobile relay networks under both no channel uncertainty and channel uncertainty. A wireless network consisting of a one-source-one-destination mobile pair and N-multihop mobile relay nodes without the source-destination direct path was investigated. New MRC-based detectors were proposed and applied at the relays and the destination to optimally detect the original transmitted message from the source node.
It was observed that diversity can be lost by increasing the channel estimation errors power. In addition, it was shown that BER gets worse as the number of hops increase. It was observed that the worst performance was occurred when channel uncertainty occurs in all network links. While less degradation was observed when channel uncertainty occurred in source-relay, relay-relay, or relay-destination links only. These different cases were investigated separately and as a whole in this paper.
It was also observed that the higher the number of links between hops that experienced channel uncertainty, the worse the BER performance. Finally, when channel uncertainty occurred in one link only, it was observed that the performance of the system was almost equivalent regardless the link location. In other words, BER performance for the multihop wireless system with channel uncertainty depends on both the number of hops and channel estimation errors power.
